Two one-dimensional hierarchical hybrid nanostructures composed of NiCo 2 O 4 nanorods and ultrathin nanosheets on carbon nanofibers (CNFs) are controllably synthesized through facile solution methods combined with a simple thermal treatment. The structure of NiCo 2 O 4 can be easily controlled to be nanorods or nanosheets by using different additives in the synthesis. These two different nanostructures are evaluated as electrodes for high performance supercapacitors, in view of their apparent advantages, such as high electroactive surface area, ultrathin and porous features, robust mechanical strength, shorter ion and electron transport path. Their electrochemical performance is systematically studied, and both of these two hierarchical hybrid nanostructures exhibit high capacitance and excellent cycling stability. The remarkable electrochemical performance will undoubtedly make these hybrid structures attractive for high-performance supercapacitors with high power and energy densities. I n recent years, the research on supercapacitors (SCs) has been intensely stimulated due to their advantages of higher power density, faster charge/discharge process and longer lifespan, which make them attractive as power resources in high power electric devices and electric vehicles 1-4 . Despite the significant advances achieved in electrode materials for SCs 5-10 , the practical applications of supercapacitors are still seriously hindered due to the relatively poor performance of the electrode materials, such as low specific capacitance in carbon based materials, poor cycling stability in transition metal oxides, and very high cost of RuO 2 based materials. Therefore, more efforts are still desired to further improve the electrochemical performance of electrode materials in order to build better SCs with both high power and energy densities. It has been proven to be an effective strategy that nanostructure engineering, including nanoparticles, hollow nano-architectures and one-dimensional (1D) nanostructures could greatly contribute to the optimization of electrode properties with higher capacity/capacitance because of the increased active surface areas, short ion transport pathways and so on [11] [12] [13] [14] [15] [16] . Nevertheless, the fast fading of capacitance is still a common drawback in various nanostructured electrode materials when applied as electrodes in SCs.
Two one-dimensional hierarchical hybrid nanostructures composed of NiCo 2 O 4 nanorods and ultrathin nanosheets on carbon nanofibers (CNFs) are controllably synthesized through facile solution methods combined with a simple thermal treatment. The structure of NiCo 2 O 4 can be easily controlled to be nanorods or nanosheets by using different additives in the synthesis. These two different nanostructures are evaluated as electrodes for high performance supercapacitors, in view of their apparent advantages, such as high electroactive surface area, ultrathin and porous features, robust mechanical strength, shorter ion and electron transport path. Their electrochemical performance is systematically studied, and both of these two hierarchical hybrid nanostructures exhibit high capacitance and excellent cycling stability. The remarkable electrochemical performance will undoubtedly make these hybrid structures attractive for high-performance supercapacitors with high power and energy densities. I n recent years, the research on supercapacitors (SCs) has been intensely stimulated due to their advantages of higher power density, faster charge/discharge process and longer lifespan, which make them attractive as power resources in high power electric devices and electric vehicles [1] [2] [3] [4] . Despite the significant advances achieved in electrode materials for SCs [5] [6] [7] [8] [9] [10] , the practical applications of supercapacitors are still seriously hindered due to the relatively poor performance of the electrode materials, such as low specific capacitance in carbon based materials, poor cycling stability in transition metal oxides, and very high cost of RuO 2 based materials. Therefore, more efforts are still desired to further improve the electrochemical performance of electrode materials in order to build better SCs with both high power and energy densities. It has been proven to be an effective strategy that nanostructure engineering, including nanoparticles, hollow nano-architectures and one-dimensional (1D) nanostructures could greatly contribute to the optimization of electrode properties with higher capacity/capacitance because of the increased active surface areas, short ion transport pathways and so on [11] [12] [13] [14] [15] [16] . Nevertheless, the fast fading of capacitance is still a common drawback in various nanostructured electrode materials when applied as electrodes in SCs.
Recently, an emerging concept of 1D hybrid nanostructures, such as nanocables, ordered nanostructure/ carbon nanotube and graphene as well as hybrid nanowire/nanotube arrays, has been demonstrated as a promising solution to fabricate energy storage devices with high capacity/capacitance, good cycling stability and rate performance [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . As an example, Ajayan and coworkers synthesized CNT@MnO 2 nanocables through a template-assisted electrodeposition method and successfully enhanced both the capacity and cycling performance when served as anode materials in lithium-ion batteries (LIBs) 28 . However, current research on hybrid nanostructures mainly focuses on the simple binary metal oxide materials perhaps due to the lack of available synthesis methods for complex multi-component metal oxides. This will undoubtedly limit the exploitation of highperformance electrode materials since it has been broadly demonstrated that the synergistic effect in complex metal oxides could further improve the performance in energy storage applications. Therefore, it will be of great significance to develop facile and simple methods suitable for building complex oxides based 1D hierarchical hybrid nanostructures.
As one of the most promising candidates, ternary nickel cobaltite (NiCo 2 O 4 ) has recently been investigated as a high-performance electrode material for SCs since it possesses better electrical conductivity and electrochemical activity compared to those of binary nickel oxide (NiO) and cobalt oxide (Co 3 O 4 ). Several different types of NiCo 2 O 4 nanostructures have been recently synthesized and their electrochemical performance is investigated. For example, Lu and coworkers fabricated NiCo 2 O 4 nanoparticles using an epoxide-assisted sol-gel method and a largely enhanced capacitance is achieved 29 . In addition, NiCo 2 O 4 nanowires have also been obtained through polymer/surfactant-assisted hydrothermal or solution methods, exhibiting both high capacitance and good cycling ability 30, 31 . Recently, we developed a facile solution method to grow NiCo 2 O 4 mesoporous nanosheets on various conductive substrates as integrated electrodes for supercapacitors 32 . However, to the best of our knowledge, the synthesis of NiCo 2 O 4 1D hierarchical nanostructures composed of nanorod arrays or ultrathin nanosheets remains unreported till now.
Results
In this work, we successfully developed a facile low-temperature solution method combined with a simple post annealing process for controllable synthesis of 1D hierarchical hybrid nanostructures composed of NiCo 2 O 4 nanorods or ultrathin nanosheets grown on carbon nanofibers (CNFs), denoted as CNF@NiCo 2 O 4 NR and CNF@NiCo 2 O 4 NS, respectively. The CNFs are synthesized through a modified Te-nanowire template directed hydrothermal method 33, 34 . The typical transmission electron microscope (TEM) images of the as-synthesized and Te-nanowire core removed CNFs clearly indicate the purity of CNFs ( Fig. S1 , see the Supporting Information). Typical field-emission scanning electron microscope (FESEM) images of CNFs ( Fig. 1A, B ) indicate the large-scale and uniform features of the products. The average diameter of the CNFs is in the range of 220-280 nm, and the length can reach tens of micrometers. The X-ray diffraction (XRD) pattern ( Fig. S2A , see the Supporting Information) indicates the typical amorphous feature of the CNFs. In addition, no peak from the Te phase is detected, indicating that the Te nanowires core template is completely removed through the H 2 O 2 /HCl/H 2 O mixed solution etching. It should be noted that the controlled synthesis of CNFs with a relatively large diameter will be important for the subsequent growth process since good mechanical robustness will be required in order to form well defined hierarchical structures. When urea is used to adjust the pH value, well defined NiCo-precursor nanorod arrays can be grown on CNFs (See Experimental section for detailed the synthesis procedure), which can be easily converted to CNF@NiCo 2 O 4 4 NR structure through annealing in air. Fig. 1C -F shows the typical FESEM images of the NiCo-precursor and the crystallized CNF@ NiCo 2 O 4 NR hybrid structure. As can be seen, the NiCo-precursor nanorods (Fig. 1C, D, Fig. S3A in the Supporting Information) can be uniformly grown on the CNFs to form a large-scale conformal coating. In addition, the nanorods exhibit a hierarchical array feature with empty space among adjacent nanorods. This feature could benefit the penetration of the electrolyte, which may contribute to the optimization of electrochemical performance. The corresponding XRD pattern ( Fig. S2B , see the Supporting Information) of NiCoprecursor nanorods is similar to that of the cobalt nickel carbonate hydroxide hydrate (JCPDS card no. 40-0216). After annealing, the NiCo-precursor nanorods can be converted to crystallized NiCo 2 O 4 nanorods and the corresponding XRD pattern ( Fig. S2C ) can be readily indexed to the cubic NiCo 2 O 4 phase (JCPDS card no. 20-0781). As shown in Fig. 1E , F (also Fig. S3B , see the Supporting Information), both the nanorod morphology and the array feature of the nanorods are perfectly retained after the annealing conversion, which could be derived from the robust support of CNFs with a relatively large diameter, as well as the slow heating rate applied during the annealing. The energy-dispersive X-ray spectroscopy (EDS) measurement ( Fig. S4 , see the Supporting Information) shows that the molar ratio of Ni to Co is almost 152, which further confirms formation of the NiCo 2 O 4 phase. The mass content of the NiCo 2 O 4 nanorods in the hybrid structure is estimated by the thermogravimetric analysis (TGA) ( Fig. S5 , see the Supporting Information), which shows that the mass fraction of NiCo 2 O 4 is as high as 92% in the hybrid nanostructure. Fig. 2 gives the typical TEM images of the CNF@NiCo 2 O 4 NR hybrid structure. The low-magnification image ( Fig. 2A ) demonstrates the uniform growth of NiCo 2 O 4 nanorods surrounding the CNFs backbone. An enlarged view ( Fig. 2B ) provides the evidence that the NiCo 2 O 4 nanorods are chemically grown on the carbon nanofibers, which could be derived from the self-seeded growth process 35 . In addition, it could be observed that the nanorods possess a needle-like shape with a sharp tip. The length of the nanorods could be estimated to be around 400 nm while the diameter of the nanorods ranges from several nanometers at the tips to around 20 nm near the bottom of the nanorods (Fig. 2C ). The inset in Fig. 2C gives the selected-area electron diffraction (SAED) pattern, indicating the crystalline nature of the nanorods. As described above, the well defined CNF@NiCo 2 O 4 NR hybrid nanostructure can be obtained by this low-cost effective solution route.
By simply replacing the urea with hexamethylenetetramine during the synthesis, ultrathin nanosheets of NiCo-precursor can be grown Fig. 4 shows the corresponding TEM images of the CNF@NiCo-precursor and CNF@NiCo 2 O 4 NS hierarchical nanostructures. It can be clearly observed (Fig. 4A, B ) that ultrathin NiCo-precursor nanosheets are grown uniformly on the CNFs to form the 1D structure. In addition, the thickness of the nanosheets could be ultrathin from the contrast in the TEM image ( Fig. 4B ). TEM images of the CNF@NiCo 2 O 4 NS (Fig. 4C, D) reveal that the ultrathin nanosheet morphology of the NiCo-precursor is well retained after the thermal conversion. However, the CNF core is largely burned away during the annealing in air at 350uC. The content of the CNFs in the hybrid structure estimated by TGA analysis (Fig. S7 , see the Supporting Information) is only around 5.7 wt.%. Interestingly, a magnified view of the crystalline NiCo 2 O 4 nanosheets (Fig. 4E ) clearly indicates the porous feature of the ultrathin nanosheets. The SAED pattern (Fig. 4F) indicates the polycrystalline nature of the NiCo 2 O 4 nanosheets and can be readily indexed to (200), (311), (400), (420) and (440) crystal planes of the cubic NiCo 2 O 4 phase, which is consistent with the XRD characterization. It is worth to mention that both the ultrathin and porous features of the NiCo 2 O 4 nanosheets could contribute to the optimization of the electrochemical performance, which will be discussed shortly.
Discussion
As described above, two different nanostructures of nanorods and ultrathin nanosheets can be controllably grown on CNFs by the developed simple solution methods followed by a thermal annealing treatment. It will be interesting to study the electrochemical performance of these two different hybrid nanostructures consisting of the same active material. First, the electrochemical performance of the CNF@NiCo 2 O 4 NR hybrid structure is studied as electrodes for SCs. Fig. 5A shows the typical cyclic voltammetry (CV) curves of the CNF@NiCo 2 O 4 NR nanostructure electrode with various sweep rates ranging from 2 to 60 mV s 21 . The shape of the CV curves clearly reveals the pseudocapacitive characteristics. Specifically, a pair of redox peaks can be observed within the potential range from 0 to 0.6 V vs. SCE for all sweep rates, which is mainly associated with the Faradaic redox reactions related to M-O/M-O-OH, where M refers to Ni or Co 36 . Fig. 5B shows the constant current discharge profiles at different current densities. It can be observed that there are voltage plateaus at around 0.3 V, which is consistent with the CV curves. The specific capacitance is calculated by the formula, C 5 IDt/mDV, where I is the discharge current, Dt is the discharge time, DV is the voltage range and m is the mass of the active material (i.e., the total mass of the hybrid nanostructure). The calculated specific capacitance as a function of the discharge current density is plotted in Fig. 5C . Notably, the specific capacitance is as high as 1023.6, 888.7, 728, 656, 630, 500 F g 21 at the discharge current densities of 1, 2, 4, 8, 10 and 20 A g 21 , respectively. In addition, the cycling stability is also evaluated by the repeated charging-discharging measurement at a constant current density of 2 A g 21 , as shown in Fig. 5D . The specific capacitance is around 888.7 F g 21 in the first cycle and it gradually decreases to 810.8 F g 21 after cycling for 2000 times. This corresponds to a capacitance loss of only 8.5%, which is considered very good for metal oxide nanostructures based electrode materials. The improved electrochemical performance could be related to the following structural features. First, the well-defined nanorods array feature leads to the separation of neighboring nanorods from each other and makes most surface of nanorods effectively accessible by electrolyte. This will give high capacitance and enhanced electrochemical kinetics relative to conventional film electrodes and free-standing nanowires. Second, the CNFs provide a robust support for the NiCo 2 O 4 nanorods, which could ensure good mechanical adhesion and better cycling stability. Third, the relatively small diameter of the NiCo 2 O 4 nanorods could facilitate the ion transport for the charge and discharge processes, which may also contribute to the enhancement of specific capacitance at high current densities.
Next, the electrochemical performance of the CNF@NiCo 2 O 4 NS hybrid nanostructure is evaluated as electrodes for SCs. Fig. 6A shows the typical CV curves of the CNF@NiCo 2 O 4 NS hybrid nanostructure electrode with various sweep rates ranging from 5 to 80 mV s 21 . Similarly, the shape of the CV curves clearly reveals the pseudocapacitive characteristics. A pair of redox peaks can be observed within the potential range from 0 to 0.65 V vs. SCE at all sweep rates, which is mainly associated with the Faradaic redox reactions related to M-O/M-O-OH, where M refers to Ni or Co 36 . Fig. 6B shows the constant current charge/discharge profiles at different current densities. The calculated specific capacitance as a function of the discharge current density is plotted in Fig. 6C . Notably, the specific capacitance is as high as 1002, 905, 828, 725, 675 and 520 F g 21 at the discharge current densities of 1, 2, 4, 8, 10 and 20 A g 21 , respectively. In addition, the cycling stability is also evaluated by the repeated charging-discharging measurement at constant current densities of 2 and 5 A g 21 , as shown in Fig. 6D . At the discharge current density of 2 A g 21 , the specific capacitance is around 905 F g 21 in the first cycle, and it slightly increases to 942 F g 21 in the course of first four hundred cycles. After that, it gradually decreases to 872 F g 21 after 2400 cycles, resulting in an overall capacitance loss of only 3.6%. Even at a higher discharge current density of 5 A g 21 , the specific capacitance can reach 737 F g 21 in the first cycle and gradually decreases to 684 F g 21 after 2400 cycles. This corresponds to a capacitance loss of 7.25%, which is still remarkable considering the relatively high discharge current density.
The electrochemical measurement indicates that the CNF@ NiCo 2 O 4 NS hybrid nansotructure delivers remarkable specific capacitance with excellent cycling stability. The superior electrochemical performance could be derived from the following structural features. First, the ultrathin feature of the NiCo 2 O 4 nanosheets will facilitate the electrolyte ion and electron transport. Second, the porous feature of the NiCo 2 O 4 nanosheets largely increases the amount of electroactive sites. Third, the 1D hierarchical nanostructure composed of these ultrathin porous nanosheets on CNFs backbone could facilitate the electron transfer, and the electrolyte penetration. In addition, the CNFs backbone will provide better mechanical integrity, which could www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 1470 | DOI: 10.1038/srep01470 sustain large structual alteration during the repeated charge/discharge processes. Compared to the CNF@NiCo 2 O 4 NR structure, it can be clearly seen that the CNF@NiCo 2 O 4 NS sample exhibits better supercapacitive performance with both higher capacitance and much better cycling stability. This might be understood by considering the following factors. First, the CNF@NiCo 2 O 4 NS structure has a higher specific surface area, which is determined to be as high as 142.6 m 2 g 21 by Brunauer-Emmett-Teller (BET) characterization compared to 104.2 m 2 g 21 for the CNF@NiCo 2 O 4 NR sample (Fig.  S8 , see the Supporting Information). In addition, there is a wide pore size distribution for the CNF@NiCo 2 O 4 NS sample (Inset in Fig. S8B , see the Supporting Information) verifying the porous structure of the nanosheets, which is consistent with TEM results. The ultrathin nanosheet morphology is advantageous for efficient ion and electron transport since the thickness of the nanosheets is much smaller than the diameter of the nanorods, and for better accommodating the volume variation 4, 37 . These will undoubtedly contribute to the enahncement of capacitance. The impedance of these two different hybrid structures appears similar (Fig. S9 , see the Supporting Information).
In summary, two one-dimensional hybrid nanostructures composed of NiCo 2 O 4 nanorod arrays and ultrathin porous nanosheets grown on carbon nanofibers are successfully fabricated through facile solution methods combined with a post annealing treatment. The electrochemical properties of these two hybrid nanostructures are evaluated as electrode materials for supercapacitors. It is found that the CNF@NiCo 2 O 4 nanosheet hybrid nanostructure exhibits higher capacitance and much better cycling stability compared to CNF@NiCo 2 O 4 nanorod structure. A high capacitance of 902 F g 21 can be obtained for the CNF@NiCo 2 O 4 nanosheet sample at a current density of 2 A g 21 with a low capacitance loss of only 3.6% after 2400 cycles. This enhanced performance is attributed to several important structural factors of the CNF@NiCo 2 O 4 nanosheet hybrid structure, including ultrathin and porous nanosheets, CNF support, and porous hierarchical structure. In view of the excellent electrochemical performance and the facile and cost-effective synthesis, these CNF@NiCo 2 O 4 hierarchical hybrid nanostructures might hold great promise as advanced electrode materials for high-performance supercapacitors.
Methods
The synthesis of carbon nanofibers. The carbon nanofibers are synthesized through a simple hydrothermal method using Te nanowire as the template. Firstly, 0.25 mmol of TeO 2 powder, 0.2 g of polyvinyl pyrrolidone (PVP; MW , 58000) and 10 mmol of NaOH are dissolved into 16 mL of ethylene glycol by heating to form a clear solution, which is then transferred into a 20 mL Teflon-lined autoclave. The Te nanowires are obtained after reaction at 180uC for 4 h. The obtained Te nanowires are washed with deionized (DI) water and ethanol for several times, which are then redispersed into 16 mL of DI water by sonication. Then, 5 mmol of glucose are added to the Te nanowire suspension solution, and the suspension is transferred into a 20 mL Teflonlined autoclave after the glucose is dissolved. The autoclave is then heated at 180uC for 16 h to get the carbon nanofibers with Te nanowire cores. In order to remove the Te nanowires, the products are dispersed into H 2 O 2 /HCl/H 2 O mixed solution with a volume ratio of 2/5/23 for overnight. Pure carbon nanofibers can be obtained after washing with DI water and ethanol for several times.
The synthesis of CNF@NiCo 2 O 4 NR hybrid structure. The obtained carbon nanofibers are re-dispersed into 50 mL of ethanol and sonicated for 30 min to reach good dispersion. 2 mmol of Ni(NO 3 ) 2 ?6H 2 O, 4 mmol of Co(NO 3 ) 2 ?6H 2 O and 24 mmol of urea are dissolved into 50 mL of DI water to form a transparent pink solution. The above two solutions are then mixed and heated to 80uC in an oil bath for 6 h. After the solution is cooled down to room temperature naturally, the product is collected through centrifugation and washed with DI water and ethanol for several times. The products are then dried, followed by annealing at 300uC for 2 h with a slow heating rate of 0.5uC min 21 in order to get well defined crystallized NiCo 2 O 4 nanorod arrays/carbon nanofibers hybrid structure. .5 mmol of hexamethylenetetramine are dissolved into 40 mL of DI water to form a transparent pink solution. The above two solutions are then mixed and heated to 90uC in an oil bath for 4 h. After the solution is cooled down to room temperature naturally, the product is collected through centrifugation and washed with DI water and ethanol for several times. The products are then dried, followed by annealing at 350uC for 2 h with a slow heating rate of 1uC min 21 in order to get CNF@NiCo 2 O 4 NS hybrid nanostructures.
Materials characterization. X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advanced X-Ray Diffractometer. Field-emission scanning electron microscope (FE-SEM) images were obtained on a JEOL JSM 6700F microscope. Transmission electron microscope (TEM) images were taken on a JEOL 2010 microscope. The nitrogen sorption measurement was performed on Autosorb 6B at 2196uC. Thermogravimetric analysis (TGA) was carried out under air flow with a temperature ramp of 10uC min 21 .
Electrochemical Measurements. For electrochemical measurements, the working electrode is consisted of active material, carbon black (Super-P-Li), and polymer www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 1470 | DOI: 10.1038/srep01470 binder (polyvinylidene fluoride; PVDF) in a weight ratio of 80510510. For supercapacitor test, the slurry was pasted to Ni foam and then dried at 120uC overnight under vacuum. The electrochemical tests were conducted with a CHI 660D electrochemical workstation in an aqueous KOH electrolyte (2.0 M) with a threeelectrode cell where Pt foil serves as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. Electrochemical impedance spectroscopy (EIS) measurements were carried out by applying an AC voltage with 1 mV amplitude in a frequency range from 0.01 Hz to 100 kHz at open circuit potential.
